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Lithium aluminosilicate glass-ceramics have found widespread commercial success in 
areas such as consumer products, telescope mirrors, fireplace windows, etc. However, 
there is still much to learn regarding the fundamental mechanisms of crystallization, 
especially related to the evolution of viscosity as a function of the crystallization 
(ceramming) process. In this study, the impact of phase assemblage and microstructure 
on the viscosity was investigated using high-temperature X-ray diffraction (HTXRD), 
beam bending viscometry (BBV), and transmission electron microscopy (TEM). Results 
from this study provide a first direct observation of viscosity evolution as a function of 
ceramming time and temperature. Sharp viscosity increases due to phase separation, 
nucleation, and phase transformation are noticed through BBV measurement. A near-
net shape ceramming can be achieved in TiO2-containing compositions by keeping the 
glass at a high viscosity (>109 Pa s) throughout the whole thermal treatment.
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inTrODUcTiOn
There have been increasing uses of glass-ceramics in areas such as consumer, biomedical, and con-
struction markets since their discovery by Stookey in 1950s (Stookey, 1960a,b; Holand and Beall, 
2002; Zanotto, 2010). Lithium aluminosilicate glass-ceramics have gained considerable commercial 
success due to the combination of low thermal expansion [coefficient of thermal expansion (CTE), 
close to 0 × 10−7/°C] and high mechanical strength attributed to its two main crystalline phases, 
β-quartz and β-spodumene (keatite) solid solutions (ss) (Ostertag et al., 1968; Holand and Beall, 
2002; Dressler et al., 2011a). Both ZrO2 and TiO2 are commonly used as nucleation agents to produce 
controlled bulk crystallization in the precursor glass (Henderson, 1979; Holand and Beall, 2002; 
Zanotto, 2010). Although small in concentration, nucleation agents lead to the formation of nuclei 
for crystal growth (Holand and Beall, 2002). Fine-grained microstructures composed of small crys-
tals (0.1–1.0 μm) uniformly distributed in a residual glassy phase are usually observed in lithium 
aluminosilicate glass-ceramics, which is important to achieve a desired mechanical strength (Beall 
and Doman, 1987; Beall and Pinckney, 1999; Guedes et al., 2001; Holand and Beall, 2002).
The crystallization process and its associated microstructural evolution are generally studied by 
differential scanning calorimetry (DSC), X-ray diffraction (XRD), scanning electron microscopy 
(SEM), or transmission electron microscopy (TEM). Thermal analysis serves as a rapid and 
convenient technique for the study of the kinetics of chemical reactions and crystallization 
of glass (Matusita and Sakka, 1980). It has been used to study the crystallization kinetics of 
various glass systems including the lithium aluminosilicate (Ray and Day, 1990; Barbieri et al., 
FigUre 2 | Differential scanning calorimetry of glass compositions 
#1 and 5.
FigUre 1 | X-ray diffraction patterns of annealed glasses 
(compositions #1, 4–7).
TaBle 1 | glass compositions (wt%) used for the current study.
Oxide (wt%) 1 2 3 4 5 6 7
SiO2 67.0 66.6 66.3 65.3 63.8 62.3 60.9
Al2O3 25.0 24.9 24.7 24.4 23.8 23.3 22.7
Li2O 5.0 5.0 5.0 4.9 4.8 4.7 4.5
MgO 1.5 1.5 1.5 1.5 1.4 1.4 1.4
ZnO 1.5 1.5 1.5 1.5 1.4 1.4 1.4
TiO2 0 0.5 1.0 2.4 4.8 7.0 9.1
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1997a; Kim et  al., 2004; Fernandes et  al., 2008; Wang et  al., 
2010; Lilensten et al., 2014). Recently, high-temperature X-ray 
diffraction (HTXRD) and anomalous small-angle X-ray scat-
tering (ASAXS) have been utilized for the in  situ observation 
of the phase transition and structural changes during high-
temperature heat treatment (Misture, 2003; Holand et al., 2006; 
Sinton et  al., 2008; Dressler et  al., 2011b; Bocker et  al., 2013; 
Lilensten et  al., 2014; Raghuwanshi et  al., 2014; Kleebusch 
et al., 2016). Despite the comprehensive understanding of the 
crystallization mechanism and microstructural changes, the 
viscosity evolution during the crystallization process remained 
unclear. However, the control of glass viscosity is critical to 
achieve a near-net-shape ceramming in the manufacturing of 
glass-ceramic products (Holand and Beall, 2011).
The objective of this work is to investigate the crystallization, 
microstructure, and viscosity evolutions in lithium alumino-
silicate glass. Both HTXRD and TEM were used to characterize 
structural evolution in the glass-ceramics during ceramming, 
while beam bending viscometry (BBV) was used to measure the 
changes in glass viscosity.
eXPeriMenTal
Base glass composition (wt%) of 67 SiO2, 25 Al2O3, 5.0 Li2O, 
1.5 MgO, and 1.5 ZnO was prepared by melting a mixture of 
analytical grade raw materials in platinum crucibles at 1600°C. 
TiO2 (0–10 wt%) was added on top of the base glass composition 
to investigate the glass stability with different nucleation agent 
levels. Table 1 listed the glass compositions for this work. Glasses 
were poured onto a steel plate to form into patties and then 
annealed at 600°C to remove thermal stress.
Crystalline phases formed in the annealed glasses were 
detected using XRD. Data were collected from 5° to 80° (2θ) 
using a Bruker D4 Endeavor equipped with a LynxEye™ (Bruker 
Corporation, Billerica, MA, USA) silicon strip detector. The XRD 
pattern was analyzed using the PDF-4 database and Jade.
Differential scanning calorimetry was used to determine the 
non-isothermal kinetic parameters for crystallization. About 
40  mg of fine glass powders (1–10 μm) was used for the DSC 
analysis, which was performed with a Netzsch DSC 404 F1 
Pegasus. The powders were contained in a platinum cup and 
heated at 10°C/min.
High-temperature XRD was used as an isothermal tech-
nique to determine the kinetic parameters for crystallization. 
In situ HTXRD study was carried out on a PANalytical MPD 
XRD system equipped with an Anton Paar HTK1200N 
high-temperature furnace and an X’Celerator multiple strip 
detector. A polished glass disk (15 mm in diameter × 1 mm 
thick) was used for the analysis. A rapid heating rate, 20°C/
min, from RT to crystallization temperature was followed by 
continuous data collection at an isothermal hold temperature. 
XRD diffraction traces in the 2θ range of 10–70° were col-
lected every 10 min.
The viscosity–temperature behavior of glass was analyzed 
to investigate the viscosity evolution during ceramming. Glass 
viscosity below the softening point, in the range of 108–1013 
Pa s, was measured using BBV using a three-point bend, BBV-
1000 beam bending viscometer (Orton Ceramics, Westerville, 
OH, USA) according to the American Society for Testing and 
Materials (ASTM) standard (ASTM International, 2013). Briefly, 
a load was applied on a glass beam (2.5 mm × 2.5 mm × 55 mm) 
in a three-point beam bending. To avoid over deformation due 
FigUre 3 | high-temperature X-ray diffraction patterns of glass composition #1: (a) after nucleation at 750°c for 0.5–2.0 h and (B) after crystal 
growth at 1050°c for 0.5–4.0 h; and of composition #5: (c) after nucleation at 750°c for 0.5–2.0 h and (D) after crystal growth at 1050°c for 0.5–4.0 h.
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to low viscosity in the nucleation stage, the measurement of glass 
viscosity in the crystal growth stage was conducted on beams 
pre-nucleated at 750°C for 2 h.
High-resolution scanning transmission electron microscopy 
(HRSTEM) was used to observe the detailed crystal morphology 
and to determine the elemental partitioning in the cerammed 
samples using energy dispersive X-ray (EDX) elemental map-
ping. Electron-transparent thin sections of less than 100 nm were 
prepared using focused ion beam (FIB) and observed under TEM 
with 200-kV accelerating voltage.
resUlTs
green (non-cerammed) glass
The addition of TiO2 has a substantial impact on the glass stabil-
ity. When TiO2 concentrations were below 7.0  wt%, no phase 
separation or devitrification was observed in glass. However, 
when more TiO2 (7.0 wt% or above) was added to the base glass, 
phase separation (composition #6) and significant devitrification 
(composition #7) were observed in the annealed glasses. XRD 
analysis in Figure  1 confirmed the amorphous nature of com-
positions #1–5. In contrast, a small amount of β-quartz ss was 
detected in composition #6, while a completely devitrified sample 
was obtained in #7. Compositions #1 (no TiO2) and #5 (5.0 wt% 
TiO2) with no phase separation or devitrification were selected 
for further studies in this work.
Thermal analysis
Figure  2 shows the DSC analysis of the two compositions (#1 
and 5) of interest. The addition of TiO2 to the lithium alumino-
silicate glass results in pronounced exothermal reactions in DSC 
while none in TiO2-free glass. No detectable exothermal peaks 
were observed in TiO2-free glass (#1) below 950°C, while three 
exothermal peaks were observed in TiO2-containing glass (#5), 
indicative of the marked crystallization due to addition of a 
nucleation agent.
FigUre 4 | TeM of nucleated glass composition #5: (a) green glass; (B) after holding at 750°c for 1.0 h showing phase separation; (c) low 
magnification showing the formation of β-quartz ss after at 750°c for 1.0 h; (D) more β-quartz ss after holding at 750°c for 4.0 h.
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Phase assemblage
Figure 3 shows the phase assemblage for two glasses at different 
thermal treatment steps. Based on the DSC analysis, both glasses 
were first heated at 750°C for 2 h for nucleation and then at 1050°C 
for 4 h for crystal growth. No crystalline phases were detected in 
TiO2-free glass (composition #1) at the nucleation step (Figure 3A), 
while β-quartz ss was determined in composition #5 added with 
5 mol% TiO2 (Figure 3C), in good agreement with the DSC results. 
The concentration of β-quartz ss increased with increasing holding 
time at 750°C for composition #5 (Figure 3C). A fully crystallized 
body was obtained in both glass compositions after the crystal 
growth stage (1050°C for 4 h). For composition #1, the conversion 
from β-quartz ss to β-spodumene ss did not complete until after 
2 h hold at 1050°C (Figure 3B), while in TiO2-containing compo-
sition #5, the conversion completed after 0.5 h (Figure 3D). The 
major phase was β-spodumene ss for the two compositions, while a 
small amount of tieilite (Al2O3⋅TiO2) was detected in composition 
#5. It is worth noting that a high number of cracks were formed in 
composition #1 due to the lack of volume crystallization, while a 
crack-free part was achieved in composition #5.
Microstructure
Transmission electron microscopy images in Figure 4 show the 
microstructural changes of composition #5 during the nucleation 
hold at 750°C. For the green glass, no clear feature was observed 
even at high magnification (Figure  4A). After heat treatment 
at 750°C for 1 h, droplet-like phase was observed in the sample 
(Figure 4B). The size of the droplets was in the range of 5–10 nm. 
At a low magnification, β-quartz ss phase (50–80  nm) was 
observed to form in the glass matrix (Figure 4C), which agrees 
with the XRD results. A higher density of β-quartz grains was 
visible after holding at 750°C for 4 h (Figure 4D). The size of the 
crystal grew slightly falling in the range of 50–100 nm.
A highly crystallized body composed of large grains, and 
small droplet-like crystals was observed after final heat treatment 
at 1050°C for 4  h (Figure  5A). Combined with XRD results 
(Figure 3D), the large grains were determined to be β-spodumene 
ss and small droplets tieilite. The size of β-spodumene grains was 
in the range of 0.3–1.0 μm while tieilite 30–50 nm (Figure 5B). 
Elemental mapping confirmed that the droplets were rich in Al 
and Ti (Figures 5C,D).
Viscosity evolution
Figure  6 shows the viscosity evolution for the two selected 
glasses as a function of ceramming cycle. For composition #1 
without nucleation agent, the viscosity decreased monotoni-
cally with increasing temperatures, consistent with most glass 
compositions. The measurement was stopped at 875°C due to its 
FigUre 5 | TeM images showing microstructure and elemental mapping of composition #5 after holding at 1050°c for 4.0 h: (a) overview of 
microstructure; (B) high-magnification image showing the fine crystals; (c) al map of (B); (D) Ti map of (B).
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low viscosity, close to 108  Pa  s, which was below the measure-
ment limit for the BBV method. The viscosity remained almost 
unchanged during the holding at 750°C, corresponding well with 
the HTXRD study which shows little to no structural change in 
this glass (Figure 3A). At the end of ceramming cycle, the glass 
cracked into pieces due to the lack of effective bulk nucleation.
In contrast, the change of viscosity for the TiO2-containing 
glass (composition #5) as a function of ceramming temperature 
was much more complicated than the monotonic decrease 
of viscosity in TiO2-free glass (Figure  6B). The viscosity plot 
could be divided into three stages. At stage I, an increase of one 
order of magnitude in viscosity was observed during the hold at 
750°C, suggesting either phase separation or nucleation at this 
stage. At stage II, an abrupt decrease of viscosity with increasing 
temperature was observed after the initial nucleation hold until 
824°C, at which temperature a sharp increase in viscosity was 
noticed. The temperature for the jump in viscosity was exactly 
the onset temperature for the largest exothermal peak in DSC 
(Figure 2), which was confirmed by XRD to be the formation 
of β-quartz (Figure  3C). At this stage, the major phase in 
composition #5 was β-quartz ss with very little amount of glassy 
phase, suggesting a high viscosity during ceramming. Once the 
reaction completed, the viscosity of composition #5 started to 
decrease with increasing temperature due to the lack of new 
crystalline phase formation and the relatively stable structure. 
At stage III, β-quartz ss was converted to β-spodumene ss and 
no further structural change during the holding at 1050°C, as 
evidenced by the small variation in viscosity and the unchanged 
phase assemblage in HTXRD (Figure 3D). Overall, the viscosity 
of the TiO2-containing glass was kept above 109.5  Pa  s during 
the whole ceramming cycle, which contributed to a near-net-
shape ceramming of composition #5 without cracking or visible 
deformation.
DiscUssiOn
Numerous investigations have been conducted to understand the 
crystallization process in Li2O–Al2O3–SiO2 glass-ceramic fam-
ily due to their increased commercial applications. Nucleation 
agents, either single or a combination of several, including TiO2, 
ZrO2, P2O5, and Ta2O5 have been used to produce a bulk nuclea-
tion owing to a liquid–liquid phase separation (Barbieri et  al., 
1997b; Guedes et al., 2001; Wurth et al., 2009; Ananthanarayanan 
et al., 2010; Li et al., 2010; Nemati et al., 2010; Höche et al., 2011; 
Höche et al., 2012; Montedo et al., 2012; Chavoutier et al., 2014; 
Kleebusch et  al., 2016; Soares and Zanotto, 2016). Although 
minor in concentration, nucleation agents are critical to the 
final microstructure and properties of glass-ceramics. This work 
FigUre 6 | Viscosity–time–temperature plots of glass compositions 
(a) #1 and (B) #5 as a function of heat treatment.
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studies the crystallization, and microstructural and viscosity 
evolutions in Li2O–Al2O3–SiO2 glass. It is found that TiO2 impacts 
the properties of both green glass and glass-ceramic. In green 
glass, a higher concentration of TiO2 results in a high tendency 
for devitrification and a less thermal stability (Figures 1 and 2). 
Therefore, the level of TiO2 must be controlled within a proper 
range to obtain a stable glass without devitrification for a glass–
ceramic composition.
Both the phase assemblage and microstructure of lithium 
aluminosilicate glass-ceramics are influenced by the presence of 
TiO2. When a proper amount of TiO2 was added to the Li2O–
Al2O3–SiO2 glass, phase separation was developed at the nuclea-
tion stage, which led to the formation of β-quartz ss (Figures 3 
and 4). This is consistent with previous reports that the addition of 
TiO2 produced a TiO2-rich phase and serves as a nucleation phase 
for the formation of β-quartz ss (Doherty et al., 1967; Barbieri 
et al., 1997b,c; Nordmann and Cheng, 1997; Bhattacharyya et al., 
2009). In contract, the TiO2-free glass remained amorphous at 
this nucleation stage (Figure 3).
The viscosity of the system exhibits a strong dependence on 
the phase assemblage and structure of each composition. The 
monotonic decrease of viscosity as a function of ceramming cycle 
for TiO2-free composition #1 agrees well with the HTXRD and 
DSC analysis, both of which show no evidence of new phase 
formation within the tested temperature range. In contract, three 
distinct stages were observed in the viscosity of TiO2-containing 
composition #5 (Figure 6), corresponding well with the thermal 
events determined by DSC (Figure 2), phase assemblage evolu-
tion by HTXRD (Figure 3), and microstructural change by TEM 
(Figures  4 and 5). At stage I, the increasing viscosity at the 
nucleation hold was mainly attributed to β-quartz ss formation; at 
stage II, the abrupt increase in viscosity was a direct consequence 
of the formation of high concentration of β-quartz ss phase; and 
at stage III, the conversion β-quartz to β-spodumene ss was 
completed, which produced a fully crystallized glass-ceramic 
with little glassy phase and a high-viscosity cerammed body. 
The increase of viscosity due to crystallization was also observed 
in a lithium aluminosilicate glass containing ZrO2 and TiO2 as 
nucleation agents. A higher Tg was reported in the nucleated 
glass than in the precursor glass due to the presence of β-quartz 
phase (Wurth et  al., 2009). The formation of an alumina-rich 
layer surrounding a ZrTiO4-rich core was reported to account 
for the increase of viscosity (Raghuwanshi et al., 2014). However, 
no direct analysis of the viscosity evolution in this system has 
been conducted. The increase in glass viscosity due to the nuclea-
tion in TiO2-containing lithium aluminosilicate glass has been 
investigated in a previous study using a fiber elongation method, 
although the measurement was done on a post-treated sample 
not an in situ measurement during ceramming (Kim et al., 2004). 
The viscosity of the nucleated composite was decided by the 
concentration of the crystalline phase and the residual glass 
composition. The relationship between viscosity and the pres-
ence of the crystalline phase was described using the following 
equation (Kim et  al., 2004):
 
η
η
αapp
g
= − −( )1 3  (1)
where ηapp is the apparent viscosity of the crystallized glass, ηg 
the viscosity of the precursor glass, and α the volume fraction 
of crystalline phase. Based on Eq. 1, a higher concentration of 
β-quartz ss phase led to a high viscosity in the crystallized glass, 
which was in agreement with the TEM observation and viscosity 
measurement (Figures  4 and 6). Additionally, with the forma-
tion of β-quartz ss (Li2O⋅Al2O3⋅4SiO2), a highly siliceous residual 
glass was developed, which increased the viscosity of the system. 
The finding in our in situ viscosity measurement at the nuclea-
tion step was consistent with the previous reports. Our in  situ 
measurement throughout the full ceramming cycle established 
the viscosity–temperature–time relationship for the first time.
cOnclUsiOn
An investigation on the evolutions of crystallization, micro-
structure, and viscosity in lithium aluminosilicate glass was 
conducted in this work. The addition of a nucleation agent 
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